Abstract
were analysed. PCNA and TUNEL stainings were performed with electron microscopic detection of apoptosis. Tissue renin-angiotensin systems (RAS) were also investigated by real-time quantitative RT-PCR. Results: In the Nx group, the glomerular tuft area and ratio of mesangial matrix area per tuft were significantly increased, and the glomerular cell count per tuft area was significantly decreased. Glomerular immunoglobulin deposits of IgG, IgA, and IgM in Nx were all significantly expanded in the paramesangium. The glomerular expressions of TGF-ß and the extracellular matrix proteins were significantly increased in Nx mice. In contrast to the significant decrease of PCNA-positive cells, TUNEL-positive cells were significantly increased in Nx. Angiotensin-converting enzyme (ACE) was significantly increased in the renal cortex of Nx. Conclusion: Simple heminephrectomy, other than 5/6 renal ablation, of HIGA mice may be a potential model for research into the progressive glomerulosclerosis of human IgA nephropathy. The pathological role of apoptosis is apparently involved in these disease processes, possibly through upregulated RAS.
Introduction
IgA nephropathy is the most common type of chronic glomerulonephritis worldwide [1] [2] [3] . Although its overall prognosis is thought to be relatively benign, recent reports have shown 87% in 10-year and 70% in 20-year renal survival rates [4] . After a substantial reduction in the number of nephrons, rapid progression of glomerulosclerosis has been noted in the remaining glomeruli in advanced stages of IgA nephropathy. Regarding the mechanism of this progressive lesion after nephron reduction, Brenner et al. [5] advocated the hyperfiltration theory with upregulation of the tissue renin-angiotensin system. On the other hand, in an experimental murine model of heminephrectomy, Kren et al. [6] found no quantitative differences such as global sclerosis or matrix expansion between heminephrectomized mice and sham-operated ones except for glomerular size. Esposito et al. [7] demonstrated that modifications of glomerular lesions by nephron reduction are strain-dependent. Therefore, it is suspected that the pathological background of the remaining nephrons might influence the subsequent progression of nephrosclerosis. In IgA nephropathy, however, the pathophysiological mechanism of the irreversible progression of glomerulosclerosis after substantial nephron reduction has not been elucidated. Several specific problems remain to be clarified, such as whether the deposition of IgA might be involved in the progression of glomerulosclerosis, and what kind of fibrogenic or inflammatory cytokines are involved.
To clarify the pathophysiological mechanism determining the relatively poor prognosis in IgA nephropathy, various trials to develop experimental or spontaneous animal models have been performed. Recently, an inbred murine model of IgA nephropathy, a high IgA strain (HIGA) of the ddY mouse, has been established by selective mating of high IgA mice [8] . This mouse exhibits spontaneous development of mesangioproliferative glomerulonephritis with severe IgA deposition [9] . Although substantial matrix expansion with accumulation of various matrix proteins, especially fibronectin and collagen IV [10] and high expression of TGF-ß with age are observed, the progression of the renal lesions in this mouse is relatively mild with a rare association of active crescentic glomerulonephritis [9] . Therefore, the prognosis for this mouse is relatively benign. In this study, to clarify the influence of nephron reduction on remaining glomeruli, unilateral nephrectomy was performed in this HIGA mouse as a simulation of the progressive glomerular lesion in IgA nephropathy. In the remnant kidney model, in association with the significant expression of fibrogenic cytokine such as TGF-ß, marked advancement of glomerulosclerosis accompanied by apparent involvement of apoptosis was found.
Methods

Experimental Protocol
The following operation protocol was performed at 5 weeks of age.
HIGA mice were anesthetized by intraperitoneal injection of 50 mg/100 g body weight sodium pentabarbital. In heminephrectomized mice (Nx; n = 9), the left kidney was removed after stripping of the capsule and ligation of ureter, artery, and vein in a bundle. In sham-operated mice (S; n = 11), only stripping of the capsule of the left kidney was performed.
The two groups were housed at a constant room temperature (23-25°C) with a 12 h light/dark cycle; animals were fed a standard chow (24% protein, 0.5% NaCl) and given distilled water ad libitum. At 40 weeks old, mice were sacrificed after collection of urine for 24 h, and measurement of blood pressure (BP) and body weight (BW) was performed. Urine was collected in a metabolic cage (Sugiyamagen Co. Ltd., Tokyo, Japan) for 24 h. Systolic BP was measured in conscious, restrained mice between 6 and 9 PM using a tail-cuff sphygmomanometer (Softron Co. Ltd., Tokyo, Japan).
Physiological and Immunological Studies of Serum and Urine
Urinary albumin concentration was measured by ELISA [11] and the daily urinary albumin excretion was multiplied by total urinary volume (Ualb). Blood and urinary urea nitrogens were measured by an autoanalyzer (Hitachi model 736, Tokyo, Japan), and the clearance of urea nitrogen for 24 h (Cun) was calculated. Serum IgA, IgG, and IgM were measured by sandwich ELISA described previously [12] . Briefly, microtitration plates (Corning, Cambridge, Mass., USA) were coated with goat anti-mouse IgA (Cappel Laboratories, Cochranville, Pa., USA), IgG, or IgM antibodies (Cappel Laboratories), and nonspecific protein bindings were blocked with BSA. After incubation with the serum samples, alkaline-phosphatase (ALP) conjugated goat anti-mouse IgA antibody (Zymed Laboratories, Calif., USA), peroxidase-conjugated goat anti-mouse IgG (Cappel Laboratories), or peroxidase-conjugated goat anti-mouse IgM antibodies (Cappel Laboratories) were applied. After washing, the plates were developed using p-nitrophenyl phosphate (Sigma, St. Louis, Mo., USA) as an ALP substrate or 2,2)-azino-di-[3-ethylbenzthiazoline sulfonate] (Boehringer Mannheim Biochemica, Germany) as a peroxidase substrate. Absorbance was measured using an ELISA reader.
Light-Microscopic Study
Tissues were fixed in Doubosque-Brazil solution and embedded in paraffin. Cross-sections (2 Ìm) of the central portion of kidneys were stained with periodic acid Schiff (PAS) and Masson's trichrome (MT) after deparaffinization. Averages of glomerular tuft area, cell number per tuft area, and ratio of the area of mesangial matrix to whole glomerular tuft were calculated using an image analyzer (LUZEX 3U, Nikon Ltd., Tokyo, Japan) by evaluating more than 40 glomeruli in each specimen.
Immunohistochemical Study
Kidney tissues were frozen in Tissue-Tek ® OCT compound (Sakura Finetek USA, Inc., Torrance, Calif., USA), and stored at -70°C until the study. Frozen tissues were sectioned at 4 Ìm thickness using a cryostat.
Tissue IgG, IgA, and IgM were directly detected using fluorescein isothiocyanate (FITC)-labelled goat antimouse antibodies (all produced by Cappel Laboratories).
Tissue collagen type I (Rockland Immunochemicals Inc., Gilbertsville, Pa., USA), type IV, fibronectin (Chemicon International Inc., Calif., USA), and TGF-ß1 (Santa Cruz) were detected by indirect immunostaining using rabbit antibodies for the first step, and FITC-labelled goat antirabbit IgG antibody (Genzyme) for the second step. The fluorescence of each specimen was evaluated by averaging the brightness of photographs of 20 glomeruli using Adobe Photoshop TM 2.5 on a Macintosh computer (Apple Inc., Calif., USA).
For PCNA and TUNEL staining, tissues were fixed in neutralbuffered formalin solution, embedded in paraffin and cut into crosssections (2 Ìm) before deparaffinization. Tissue PCNA was stained using a PCNA staining kit (DAKO Ltd, Copenhagen, Denmark) and developed with 3,3-diaminobenzidine (DAB). TUNEL for apoptosis was stained with Mebstain apoptosis kit (MBL Co. Ltd., Nagoya, Japan) and Vecstain avidin-biotin complex (ABC) kit (Vector Laboratories), and developed with DAB. PCNA-and TUNEL-positive cells were analyzed by microscopy for each section. Positive cell ratios were calculated from total positive cell counts divided by total glomerular counts.
Electron Microscopic Study
Electron-microscopic study for renal tissue was performed according to the method previously reported [10] . Briefly, small blocks of the renal cortex were fixed in phosphate-buffered 2% glutaraldehyde for 2 h, post-fixed in buffered 2% osmic acid for 2 h at room temperature, then dehydrated through a graded series of ethanol and embedded in Epon 812 (Oken, Tokyo, Japan). Ultrathin sections cut to 0.1 Ìm with an ultramicrotome (Ultracuts, Leica, Wetzlar, Germany) using diamond knives were double-stained with uranyl acetate and lead citrate and examined under a Hitachi H7100 electron microscope.
Extraction of Total mRNA and Northern Blot Analysis
Total mRNAs of renal cortical tissues were purified by the acid guanidinium thiocyanate-phenol-chloroform method [13] . Northern blot analysis was performed with total mRNA of each group as previously described [9] and autoradiographs were analyzed with BAS-2000 (Fuji Film, Tokyo, Japan). Because the total quantity of mRNA for each mouse in Nx was too small to analyse, 4 Ìg of mRNA from 5 mice in each group was collected and pooled to give 20 Ìg of mRNA, and was thus used for one blotting. The following cDNA probes were labelled with 32 P using a random primed DNA labelling kit (Boehringer Mannheim Biochemica, Mannheim, Germany): for transforming growth factor-ß1 (TGF-ß; a gift from Dr. Shiota of Wakayama Preferectural School of Medicine), collagen type I (a gift from Dr. Shiota), collagen type IV (a gift from Dr. Yamada, NIH, Bethesda, Md., USA), fibronectin (a plasmid from JCRB) and GAPDH (ATCC, Md., USA).
Real-Time Quantitative RT-PCR cDNA was synthesized from total mRNA with an RNA PCR kit (AMV) Version 2.1 (Takara Shuzo Co. Ltd., Shiga, Japan) according to the manufacturer's protocol. Real-time quantitative RT-PCR was performed with a TaqMan PCR core kit (Perkin-Elmer Inc., Calif., USA) using PE Applied Biosystems prism model 7700 sequence detector (Perkin-Elmer) as previously described [14, 15] . In brief, this is a novel quantitative PCR method using real-time detection and a 5) nuclease assay [16, 17] . This system is based on the use of the 5) nuclease activity of Taq polymerase to cleave a nonextendable dual-labeled fluorogenic hybridization probe during the extension phase of PCR. The probe was labeled with reporter fluorescent dye (6-carboxyfluorescein) at the 5) end and a quencher fluorescent dye (6-carboxy-tetramethyl-rhodamine) at the 3) end. When the probe is intact, reporter dye emission is quenched by the physical proximity of the quencher fluorescent dye. However, during the extension phase of the PCR cycle, the nucleolytic activity of the DNA polymerase cleaves the hybridization probe and releases the reporter dye from the probe. Nuclease degradation of the hybridization probe quenches 6-carboxyfluorescein fluorescent emission, resulting in an increase in peak fluorescent emission at 518 nm. The ABI PRISM 7700 sequence detector measured fluorescent emission synchronized with the thermal cycler during each extension step. The threshold cycle, which correlates inversely with the target cDNA levels, was measured as the cycle number at which the reporter fluorescent emission increased above a threshold level. The following sequence of forward and reverse primers and TaqMan TM fluorogenic probes were designed by Primer Express (Perkin-Elmer); for angiotensinogen: for- 
Statistical Analysis
The results are expressed as means B SEM. The Student's unpaired t test was applied and p ! 0.05 were taken as significant.
Results
Physiological and Serological Data
As shown in table 1, systolic BP and BW showed no significant difference between Nx and S mice. Cun showed a significant decrease in Nx. On the other hand, Ualb did not show any increase in this group. The serological levels of immunoglobulins did not show any changes. High IgA levels in these mice were maintained (table 2).
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Histological Parameters
As shown in table 3 and figure 1 , the glomerular tuft area was significantly increased in Nx mice with a marked increase in the ratio of mesangial matrix area. Furthermore, the glomerular cell count per tuft area decreased significantly in Nx mice.
Immunohistochemical Findings
Immunoglobulin Deposition. In Nx mice, significant enhancement of glomerular immunoglobulin deposition was observed ( fig. 2) . The immunoglobulin depositions expanded to the paramesangial area as shown in figure 3 .
Matrix Protein and Cytokine Expressions. To investigate the levels of matrix protein expression, the staining of various matrix proteins was analysed. The glomerular expressions of fibronectin, collagen type I and IV were significantly increased in the heminephrectomized mice ( fig. 4, 5) . To evaluate the involvement of fibrogenic cytokine in these histological lesions, TGF-ß was investigated and compared between the two groups. As shown in figure 5, the expression of this cytokine was detected only in glomeruli. Mesangial TGF-ß expression showed a significant increase in Nx.
Northern Blot Analysis of Cytokine and Extracellular Matrix Proteins. Figure 6 shows cortical mRNA expres- sions of TGF-ß, fibronectin, and collagens type I and IV. The mRNA levels of cortical TGF-ß did not differ between Nx and S. On the other hand, those of fibronectin and collagen types I and IV increased in Nx mice, particularly for collagen type IV. Table 4 shows the average number of PCNA and TUNEL-positive cells per glomerulus in Nx and S mice. For PCNA, a significant decrease was observed in Nx mice. On the other hand, a significantly increased number of TUNEL-positive cells was noted in the glomeruli of this group (fig. 7a) . The electron-microscopic examination showed the presence of apoptotic cells with typical nuclear chromatin aggregations ( fig. 7b) .
Expression of PCNA and TUNEL-Positive Cells
Real Time Quantitative RT-PCR of Tissue ReninAngiotensin System. Although total mRNA for renal tissue angiotensinogen showed no significant change between Nx and S, that of ACE was significantly increased in the heminephrectomized group ( fig. 8 ).
Discussion
To investigate the influence of nephron reduction on the remaining renal tissue in mice with a pathological background of IgA nephropathy, we performed heminephrectomy in HIGA mice. Nx mice exhibited marked glomerular accumulation of matrix proteins at 40 weeks of age. These lesions were associated with marked expression of the fibrogenic cytokine, TGF-ß. On the other hand, PCNA-positive cells decreased, TUNEL-positive cells increased, and few infiltrative circulating cells were detected.
The reduction in nephrons by heminephrectomy may induce hyperfiltration of the remaining nephrons, which might increase the stretch felt by those cells. The highly upregulated ACE mRNA in the renal cortex of Nx mice may indicate an enhanced renin-angiotensin system (RAS) with high angiotensin II (AII) expression due to the increased stretch. The finding showing no significant change in systemic blood pressure suggests that these glomerular modifications might be affected only by local upregulated intraglomerular pressure in heminephrectomized mice. Many recent experiments have shown that AII can enhance extracellular matrix (ECM) expression in cultured mesangial cells through the autocrine production of TGF-ß in vitro [20] . It was also reported in experimental and clinical studies that blocking of angiotensin II by ACE inhibitors significantly ameliorated the progression of glomerulosclerosis [21, 22] . It was highly suspected that the upregulated RAS affected the progression of ECM expansion through further enhancement of TGF-ß expression by heminephrectomy. However, in this study, the cortical mRNA levels of TGF-ß were not appreciably increased. This is suggested to be because the area of glomeruli occupied less than 10% of the kidney parenchyma and only a slight change was demonstrated by Northern blot analysis, as previously reported [18, 19] . In contrast to TGF-ß, mRNA of matrix proteins increased in Nx mice. These findings suggest that cortical mRNA might include those of the tubulointerstitial area.
A local factor that may affect progression of the glomerular lesion is the deposition of immunoglobulins. In Nx mice, a marked increase in immunoglobulin deposition was noted. A previous study indicated that immunological deposits in glomeruli were influenced by the serum level of immunoglobulins [23] . However, here, the serum levels of immunoglobulins showed no change after heminephrectomy. This indicates that the increases in deposition were due to the local hemodynamic changes. Recent reports have shown Fc-independent augmentation of glo- merulonephritis by anti-GBM antibody [24] . In that report, the glomerular lesion evoked in Fc receptor knockout mice was inhibited by blocking RAS, indicating that immunoglobulin depositions may promote inflammatory lesions not only by stimulating Fc receptors, but also directly through RAS as supposed in our model.
Recently, the involvement of apoptosis in glomerular lesions has been discussed. In human glomerulonephritis, several reports have shown the presence of apoptotic cells in kidney biopsy specimens. In IgA nephropathy patients, the apoptotic cells were detected in the glomeruli of those with severe damage [25] . In experimental glomerulonephritis, apoptotic cells have been demonstrated in repair Kusano/Muso/Ono/Nogaki/Nomura/ Takeda/Miyawaki/Matsumori/Yoshida/ Sasayama process in Thy 1.1 nephritis [26] , suggesting that apoptosis is a homeostatic mechanism controlling the size of the glomerular cell population. On the other hand, the pathogenic role of apoptotic cells has also been demonstrated. In a rat remnant kidney model produced by 5/6 nephrectomy, apoptotic cell death was associated with progressive cell loss in glomerulosclerosis [27] . This finding was consistent with ours, in which high expression of TUNELpositive cells in Nx was demonstrated with a relative decrease in the remaining cell number. In addition, these lesions may be associated with TGF-ß, which is reported to promote the inhibition of cell proliferation at higher levels [28, 29] . Furthermore, a recent report concerning cell-matrix interactions showed that mesangial attachment to collagen type I, which is shown to highly accumulate in Nx mice, increases their susceptibility to stimulation and induction of apoptosis [30] . These findings indicate the apparent involvement of apoptosis in the progression of glomerulosclerosis in Nx mice. Although nephron reduction is reported to progress the glomerulosclerosis of remaining glomeruli, especially in animal models [31, 32] , these pathological changes are induced only by massive nephron reductions such as 5/6 nephrectomy. As seen in living kidney donors or patients with only one kidney due to renal cell carcinoma, heminephrectomy rarely evokes an advance of glomerulosclerosis in the remaining kidney. In an experimental model, heminephrectomy does not induce advanced glomerulosclerosis in the normal mouse, although relative enlargement of glomerular size was noted in some experiments [6, 7] . However, in cases of a specific pathological background, sex, and age as well as strain, the influence of nephron reduction by heminephrectomy was thought to be highly magnified [33, 34] . For HIGA mice which possess a specific pathological background similar to IgA nephropathy, nephron reduction in Nx mice was enough to induce massive progression of glomerulosclerosis.
These findings indicate that heminephrectomy of HIGA mice may be a potential model for research into progressive glomerulosclerosis in human IgA nephropathy. The pathological role of apoptosis is apparently involved in these disease processes.
